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Abstract
3D printers are a method of additive manufacturing that consists of layering material to produce a
3D structure. There are many types of 3D printers as well as many types of materials that are
capable of being printed with. The most cost-effective and well documented method of 3D
printing is called Fused Deposition Modeling (FDM). FDM printers work by feeding a thin strand
of plastic filament through a heated extruder nozzle. This plastic is then deposited on a flat,
typically heated, surface called a print bed. The part is then built by depositing thin layers of
plastic in the shape of the cross sectional area of the part. The print time of 3D printed parts
typically takes anywhere from 15 minutes to a couple days, depending on complexity. FDM
printers are capable of printing almost any shape that fits within the print volume of the machine
without special tooling. Therefore, 3D printers can be used to rapidly prototype complex designs
and are capable as a production method in and of itself. This thesis focuses on the finding the real
and imaginary components of the complex permittivity of three common 3D printed plastics in
the W-Band (75 GHz - 110 GHz): Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS),
and Polyethylene Terephthalate Glycol (PETG). The Free Space System is used to measure the
S11 , S12 , S21 , and S22 parameters of a flat sample of the plastics from 75 GHz to 110 GHz.
The obtained results demonstrate that the relative permittivity of each sample remains relatively
stable across the entire bandwidth of the frequencies tested. PLA has the highest relative
permittivity out of all the samples at 2.724 and the PETG has the lowest permittivity at 2.675.
The permittivity of these 3D printed materials are slightly higher than that of Teflon which has a
real relative permittivity of 2.1. Furthermore, the imaginary part of the permittivity that represents
the losses in the material are shown to be small (below 0.045 for all samples) between 75 GHz 110 GHz.
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Introduction

Many antennas use a protective shield to protect against the outside environment. A notable
example of antenna shielding is found in the radome on airplanes or ground stations. The Federal
Communications Commission has allocated the frequencies between 75 GHz and 110 GHz
(W-Band) primarily to satellite communications. Therefore, it is in the interest of terrestrial and
space based manufacturers to find a low cost solution to shield W-Band antennas. The shielding
material is typically chosen to minimally attenuate the signal for the chosen band of the system.
In low volume industries, additive manufacturing such as 3D printing proves to be an attractive
solution due to its low cost and lack of specific tooling.
Various forms of additive manufacturing are being used to create antennas, radomes, and complex
RF systems. One such system created by researchers at the University of Colorado Boulder
sought to create a 3D printed helical antenna fed by an air-loaded coaxial feedline in the Ka-band
[1]. The researchers designed a helical antenna with an internal conductor supported by 3D
printed material using both SLA (Stereolithography Apparatus) and DMLS (Direct Metal Laser
Sintering) methods. The antenna has a flat, circular ground plane and an air-loaded ”coaxial
anchor” designed to be printed in one piece with the antenna; the entire apparatus was then
copper plated by a third party. The SLA antenna had a peak VSWR of roughly 1.7 in the range
tested [1]. This research was done with additive manufacturing techniques using SLA and DMLS
and demonstrates the potential that these techniques have in RF design and prototyping. Because
of the increased availability of FDM (Fused Deposition Modeling) 3D printers and their
comparatively low cost, FDM is the 3D printing technique chosen in this thesis. FDM has the
advantage of low cost, ease of use, and good accuracy given correct calibration.
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2

3D Printing Process

3D printing is method of additive manufacturing that deposits plastic in layers to create an object.
This method of manufacturing allows for the production of low volume designs in a cost effective
manner due to the versatility of the process. Consumer level printers range in cost from $280
USD with models such as the Creality Ender 3 V2 up to $2,000 USD for some MSLA (Masked
Stereolithography) printers. The printer used to create the test samples was the Prusa I3 MK3S+
which costs $749 USD and comes in an unassembled kit.
The steps required to produce a quality 3D printed sample include: ensuring good calibration, a
level print-bed, first layer adhesion, and quality G-code. The Prusa I3 MK3S+ uses an infrared
sensor to sense the distance between the print bed and the extruder. An image of the extruder
assembly is shown in figure 1.

Figure 1: 3D Printer Extruder with Infrared Sensor Highlighted
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The Prusa I3 MK3S+ comes in an unassembled kit of 3D printed and machined parts. Four
precision stepper motors are required to move the axes. A drive belt is used to connect the Y-axis
(forwards and backwards) stepper motor with the heated print bed. The power supply is behind
the right Z-axis stepper motor and the Einsy control board is located behind the left Z-axis stepper
motor. Another drive belt is used to connect the X-axis (left and right) stepper motor with the
extruder assembly. Finally, two stepper motors are connected to the X-axis assembly with screw
gears to create the Z-axis, which moves the X-axis up and down in small increments. The stepper
motors as well as the heated print-bed and filament holder are shown in figure 2. The gray PLA
tested in this experiment is shown being fed into the extruder.

Figure 2: Parts of a 3D Printer
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2.1

3D Printer Calibration

The 3D printer performed an initial calibration by heating the print bed and slowly moving the
extruder down until it sensed the print bed with the infrared sensor. A piece of paper was placed
between the nozzle and the print bed while the nozzle slowly lowered to the print bed; making
small circles. If the paper moves at all in this process, it is crucial to shut down the printer and
start again. Failure to do so could result in a damaged print bed and electrical hazards due to the
damaged heating element. The initial calibration alone leads to poor quality prints; a manual
calibration is needed to smooth the layers out further.

2.2

Bed Level Correction

The Z-offset is a value that is added onto, or subtracted from, the base calibration in order to get a
more accurate distance from the print bed. Z-offset calibration can only be done while printing a
one-layer test print. Because the print-bed may not be a perfectly level surface, the Z-offset may
change depending on where the nozzle is on the print bed. This is called bed-level correction.
Bed-level correction uses the one layer calibration print shown in figure 3 to test which area of the
printer needs additional attention. If the calibration print has gaps between the print lines, then the
nozzle is too far above the print bed and the Z-offset must be lowered in that area. If the
calibration print has a rough surface, but no gaps, then the nozzle is too low and the print bed is in
danger of being damaged. The Z-offset is capable of being adjusted with an accuracy of 20µm.
This step is critical to the structural integrity of any 3D print. Small problems caused by poor
bed-leveling can compound as the print continues, thus leading to a total failure of the print.
Therefore, it is imperative to maintain a clean and level print bed to ensure accurate, structurally
sound prints.
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Figure 3: Completed Bed-Level Correction Test
2.3

G-Code Settings

3D CAD models can be saved in a variety of native and neutral file formats, the most popular of
which is the .stl extension. After modeling the object to be printed in software such as AutoDesk
Fusion 360, the 3D modeling software used to create the samples, the files must be converted to
G-Code to be used by the 3D printer. G-Code is a programming language used to control
manufacturing tools such as CNC routers, laser cutters, and 3D printers. To convert from an stl
file to G-Code, a program called a slicer is used. A slicer is a program that takes a 3D model and
”slices” the object into many cross-sections. The slicer also controls printer settings such as print
speed, filament retraction settings, and support structures. Because a 3D printer cannot print
filament directly in the air, support structures are needed when the object has an overhang of more
than 45◦ . A picture of the slicer program with the sample design is shown in figure 4.
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Figure 4: 3D Printed Sample G-Code
The printer used to create the samples has a 0.4mm nozzle and prints the samples with a 0.15mm
layer height. The sample was printed with an overlapping rectilinear infill that resulted in a solid
plate of plastic. The PLA could be printed straight onto the print bed with no special
considerations, but the ABS and PETG needed more attention.
PLA prints at a nozzle temperature of 180◦ C while ABS and PETG print above 220◦ C. In
addition, ABS is known to warp during printing unless the print bed is heated to 90◦ C and an
enclosure is built around the printer to keep the heat in while printing. After printing, each sample
is sanded with progressively higher grit to ensure that the surface of the sample is sufficiently
smooth. Each sample is a 6.5 inch X 6.5 inch square of material that is 3mm thick.
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2.4
2.4.1

3D Printing Materials
PLA

Polylactic Acid (PLA) is one of the most common 3D printed materials due to its relatively low
glass transition temperature, minimal warping, and biodegradability. PLA ”is a thermoplastic,
high-strength, high-modulus polymer that can be made from annually renewable resources to
yield different components for use in either the industrial packaging field or the biocompatible/
bioabsorbable medical device market” [2]. PLA exhibits minimal warping during the cooling
process and produces an accurate, flat print. The PLA used in this experiment was the Prusament
PLA Galaxy Silver, which is sold in 1 kg spools of 1.75 mm filament.

2.4.2

PETG

Poly Ethylene Terephthalate Glycol (PETG) is another popular 3D printed material due to its
layer adhesion, ease of printing, and impact resistance. PETG prints at a relatively high nozzle
temperature (235◦ C) [3] and has a tendency to cause stringing when the nozzle moves between
unconnected parts of the model. PETG has excellent bed adhesion and can sometimes be difficult
to remove from the print bed. Therefore, a glue stick is used to add a sacrificial layer to the print
bed to allow the PETG to be easily removed. The PETG used in this experiment was Push
Plastic’s Translucent Green PETG.

2.4.3

ABS

Acrylonitrile Butadiene Styrene (ABS) is a material favored for high strength, durable
components, and strong layer adhesion. A 3D model printed in ABS can withstand ”a maximum
tensile stress for 100% infill parts is (34.57 MPa)” [4]. ABS is considered more difficult to print
with than PLA or PETG. This is largely due to warping during the cooling process, causing the
model to pull of the print bed. This can be solved by using a layer of glue stick to ensure the
model stays on the bed. The ABS used in this experiment was Push Plastic’s Metallic Gold ABS.
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3
3.1

Introduction to the Free-Space System
Parts of the Free-Space System

The free space system used for measuring the S-parameters of planar materials consists of a
network analyser, two dielectric-lens horn antennas, a frequency extender, and a motor controller
to move the antennas to the correct locations. The network analyser used in this experiment is a
Keysight Agilent E8361C PNA Microwave Network Analyzer with a base frequency range 10
MHz to 67 GHz; this can be extended to 110 GHz using a frequency extender. This allows for
S-parameter measurements from the entire range from the Ka band to the W band. The horn
antennas focus the beam using two equal plano-convex lenses inside the antenna [5]. The
antennas have a focal length and lens diameter of 30.5 cm. The focal point of both antennas is
aligned at the center point between the two antennas, thus the distance between the antennas is 61
cm. The sample holder is an acrylic casing with a 6” x 6” square cut out in the center to expose
the sample. Both antennas have four degrees of freedom: x, z, θ (rotation around vertical axis),
and φ (rotation around forward axis). The sample holder is capable of moving in the y direction,
thus giving the system 5 degrees of freedom. The standard sample holder holds 6” by 6” samples,
though a 12” by 12” sample holder exists and is used for larger samples. An image of the free
space system is shown below.
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Figure 5: Image of Free Space System [6]
The waveguide connected to each antenna must correspond to the desired frequency band . In the
W band, a 1mm diameter cable is used to connect the waveguide to the frequency extenders on
top of each antenna. The frequency extenders are then connected to the network analyzer through
the frequency extender controller as shown in figure 5. The schematic for the frequency extender
connections are shown on the next page in figure 6. ”The network analyzer automatically makes
use of the millimeter head controller (i.e. frequency extender) when measurements above 67 GHz
are performed.” [7]

3.2
3.2.1

TRL Calibration Technique
Network Analyzer Setup

Thru-Reflect-Line (TRL) calibration is a common method of removing error caused by a network
analyzer when measuring samples. Before calibrating the network analyzer, the machine must use
the correct settings for the W band. First, the network analyzer is turned on and allowed to warm
up for two hours. The W band uses a frequency range from 75 GHz to 110 GHz with 1601 points
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Figure 6: Frequency Extender Connections for the W Band [6]
in range. Next, the IF (Intermediate Frequency) Bandwidth is set to 100 Hz. This causes the
network analyzer to analyze the signal in 100 Hz segments. The IF Bandwidth adds a significant
amount of time to the calibration of the system, but it provides a much more accurate calibration.
The network analyzer is then set to average the signal eight times and the characteristic
impedance of the system is set to 1 Ω.

3.2.2

Motor Controller Setup

The motor controller uses stepper motors to move the antennas and sample holder with an
accuracy of 1000th of a millimeter. First, the motor controller is turned switched on and allowed
to warm up. The HVS AFS software is then opened and the port two positioners are initialized.
The W band measurements only utilize port two (antenna two) movement in the z direction. A
negative z direction denotes a movement away from the sample holder. The motor controller uses
an absolute positioning system from wherever the antenna was last homed. To preserve the
accuracy of the port two position, the port two antenna is homed in between every movement and
before shutting down the system. The enable button is then pressed and port two is unlocked for
movement.
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3.2.3

Calibration in the W Band

The network analyzer used by this system, the Keysight E8361C, has a calibration wizard to
perform the Thru-Reflect-Line (TRL) calibration. The TRL calibration is selected from a list of
possible calibration techniques and the current waveguide is selected from the waveguide select
menu. In this case, the waveguide corresponds with the W band and has a reference designator of
W11644A.
The first standard that is used for this calibration is the port 1 (antenna 1) short. To perform this
calibration, a conductive gold mirror is placed in the sample holder and the ”Port 1 Short” button
is pressed. The network analyzer will then only measure the S11 over the frequency range and
average the values eight times.
The second standard is the line standard. To perform this standard, the mirror is removed from the
sample holder and port 2 is moved in the negative z direction. The amount which port 2 is moved
by is given by a quarter of the wavelength at midband in relation to the position of antenna 1. The
equation to find the quarter wavelength at the center of the band is shown below [6].
c
λ
√
=
4
4 ∗ f1 ∗ f2
The value of the quarter wavelength was calculated to be 0.826 mm in the W band. The network
analyzer then averages the calibration eight times. After the line calibration is finished, port 2 is
moved back to home and the calibration is taken when both antennas’ focal lengths are touching.
This is called the thru calibration. The last calibration standard tested in the TRL calibration
process is the port 2 short. The gold mirror is placed back in the sample holder and the port 2
antenna is moved in the -z direction by the thickness of the mirror (6.35mm in this case). The
value of the S22 short circuit is then averaged eight times across the band. After the software has
finished the calibration step, the calibration is saved with the date for future reference in case
something is off about the measurements.
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3.2.4

Refining and Checking Calibration

The calibration is further refined by performing time domain gating on the calibrated
S-parameters. First, S11 and S22 are added to the plot and the average is restarted. After the
signals are re-averaged, the time domain toolbar is added to the program and S11 is transformed
into the time domain. The two signals are scale coupled and the S11 signal is scaled up to 20
dB/div. The horizontal scale is then changed by setting the start and stop time to ±1 ns. The
resulting waveform will then look similar to figure 7.

Figure 7: Ungated S11 Waveform [6]
Next, the gating center must be aligned to the main lobe of the waveform. Then the gating span
must be moved such that the markers are in the second troughs from the main lobe. Because of
sources of noise (e.g. cable connections and sample edge effect), it is not always possible to get
both sides in the troughs; time domain gating allows for imperfect positioning of the markers.
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3.2.5

Free Space Measurements

After calibrating the free space system using the Thru-Reflect-Line method, the final step is to
measure the sample. First, the gold mirror is removed and the sample is inserted into the sample
holder. It is advised to mark the side of the sample that is to face the Port 1 antenna to ensure
consistent orientation over several measurements. The 2-Port S-parameters are then measured by
setting the trigger to continuous and restarting the average. The four S-parameters are then put
through the same process of time-domain gating discussed in previous section. The S11 and S22
measurements should be gated using the same gating center and span; the same is true for the S12
and S21 measurements. This procedure assumes an isotropic sample which has the same
S-parameters when flipped around. The final step is to put the gold mirror between the sample
and port 2 and repeating the S11 measurement, thereby extracting the loss due to the material. The
calibration process is repeated between the measurement of every sample to ensure measurement
accuracy. Below is a picture of the green PETG and gold ABS samples (the gray PLA sample was
destroyed in an attempt to make it smoother for future testing).

Figure 8: Green PETG and Gold ABS Samples
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4

Measurements and Discussion of Results

Figure 9: Relative Permittivity (ε) of Gray PLA (real)

Figure 10: Relative Permittivity (ε) of Gray PLA (imaginary)
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Figure 11: Relative Permittivity (ε) of Green PETG (real)

Figure 12: Relative Permittivity (ε) of Green PETG (imaginary)
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Figure 13: Relative Permittivity (ε) of Gold ABS (real)

Figure 14: Relative Permittivity (ε) of Gold ABS (imaginary)
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After measuring the S-parameters, the complex permittivities for the samples were extracted
using custom MATLAB code developed by other personnel in the lab. The relative permittivity of
each sample remains relatively stable across the entire bandwidth of the frequencies tested. The
gray PLA has the highest relative permittivity out of all the samples at 2.724 and the green PETG
has the lowest permittivity at 2.675. The permittivity of these 3D printed materials are slightly
higher than that of Teflon which has a real relative permittivity of 2.1. The samples also have
imaginary relative permittivities below 0.045, which indicates that the plastics are good dielectrics
in the W-band. Each sample was oriented with the print lines going in the same direction so as to
keep measurements consistent. The 3mm thick samples were all printed with a 100% infill and
were thus a solid sheet of plastic. There was a slight bend in the ABS material, though this was
flattened by the sample holder and has not affected the measurements taken in this experiment.
The linearly polarized horn antennas measured the S-parameters (both with and without the gold
mirror) to get the data necessary to derive the complex permittivity of the 3D printed samples.
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5

Future Work and Conclusion

This honors thesis sought to measure the S-parameters and extract the complex permittivity of
three popular 3D printed materials from 75 GHz - 110 GHz. Future work in this area includes
measuring the complex permittivity of other popular 3D printed materials in this range such as
nylon, TPU, and resins used in SLA 3D printing methods. 3D printing also offers the opportunity
to mix materials into the plastic, thus changing the properties of the material. In addition,
different infills can be used to change the properties of the material and the signals propagating
through it. Repeating the experiment with injection molded samples could provide a smoother
sample for measurement. The use of 3D printed materials as radomes has yet to be investigated in
the 75 GHz - 110 GHz range. The versatility of 3D printing allows for nearly endless
combination of materials, infills, and shapes to be manufactured. These unique aspects of 3D
printing can be built on extensively in the future.
3D printing has never been more accessible to the average consumer and engineer. The rapid
prototyping and ease of access afforded by 3D printing lends itself to a variety of applications in
the RF engineering industry. This thesis sought to investigate the complex permittivity of three
common 3D printing materials in the W-band. PLA, PETG, and ABS were all printed using the
Prusa I3 Mk3S+ 3D printer with a 3mm thickness and a 100% infill. The S-parameters of a signal
passing through the sample material can be found using the free-space system. To calibrate the
free-space system, the Through-Reflect-Line method is used. The first step in this calibration
method consists of finding the S11 and S22 of the system with a gold mirror placed in the sample
holder to create a perfectly reflecting surface. Next, the mirror is taken out of the sample holder
and the S-parameters are measured with the focal points of both antennas centered on the Port 1
plane of the sample holder. Finally, the S-parameters are measured with the focal points of the
antennas offset by a factor determined by the bandwidth of the desired measurement. The
complex permittivity of all three samples remained relatively stable across the entire bandwidth.
The samples each had a real relative permittivity of approximately 2.7, which is 0.6 higher than
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that of Teflon. More research needs to be done in this area to investigate the properties of these
materials in other frequency bands as well as additives used to alter the properties of these
materials.
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